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Anarguable point regarding theNeoarchean andPaleoproterozoic crustal evolutionof theNorthChinaCraton
(NCC) is whether the tectonic setting in the central belt during the mid-Paleoproterozoic (2.35e2.0 Ga) was
dominated by an extensional regime or an oceanic subductionearc regime. A review of the mid-
Paleoproterozoic magmatism and sedimentation for the HengshaneWutaieFuping region suggests that a
back-arc extension regimewasdominant in this region. This conclusion is consistentwith theobservation that
the 2.35e2.0 Ga magmatism shows a typical bimodal distribution where the maﬁc rocks mostly have arc
afﬁnities and the acidic rocksmainly comprise highly-fractioned calc-alkaline to alkaline (or A-type) granites,
and that this magmatismwas coeval with development of extensional basins characteristic of transgressive
sequenceswith volcanic interlayers such as in the Hutuo Group. Although the ﬁnal amalgamation of the NCC
wasbelieved tooccuratw1.85Ga, recent zirconUePbagedating formica schist in theWutaiGroupsuggests a
collisional event may have occurred atw1.95 Ga. The metamorphic ages ofw1.85 Ga, obtainedmostly from
the high-grade rocks using the zircon UePb approach, most probably indicate uplifting and cooling of these
high-grade terranes. This is because (i) phase modeling suggests that newly-grown zircon grains in high-
grade rocks with a melt phase cannot date the age of peak pressure and temperature stages, but the age of
melt crystallization in cooling stages; (ii) themetamorphic PeT paths with isobaric cooling under 6e7 kb for
the Hengshan and Fuping granulites suggest their prolonged stay in the middleelower crust; and (iii) the
obtained metamorphic age data show a continuous distribution from 1.95 to 1.80 Ga. Thus, an alternative
tectonic scenario for the HengshaneWutaieFuping region involves: (i) formation of a proto-NCC atw2.5 Ga;
(ii) back-arc extension during 2.35e2.0 Ga resulting in bimodal magmatism and sedimentation in rifting
basins on an Archean basement; (iii) a crustal thickening event in the extended region resulting in a kyanite-
type metamorphism atw1.95 Ga, and (iv) uplifting and cooling of the thickened crust from 1.93 to 1.80 Ga.
 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
An issue of major dispute in the North China Craton (NCC) is its
tectonic attributes and evolution during the Neoarchean and Paleo-
proterozoic. Onemodel argues that cratonization of theNCCoccurredof Geosciences (Beijing)
evier
sity of Geosciences (Beijing) and Pat w2.5 Ga through amalgamation of micro-blocks and island arcs
(Wu et al., 1998; Zhai et al., 2000, 2005; Zhai, 2011; Zhai and Santosh,
2011), followed by a Paleoproterozoic imprint involving a series of
tectonic events of riftingesubductioneaccretionecollision from an
extensional regime (2.3e2.0 Ga) to a compressional setting
(2.01e1.97 Ga) and HP- and HT-UHT granulite facies metamorphism
during1.95e1.82Ga (Zhai andLiu, 2003; Zhai, 2011;Zhai andSantosh,
2011). However, it is still controversial whether the tectonic setting
during 1.95e1.82 Ga was dominated by extension related to mantle
upwelling (Zhai, 2011) or by an orogenic environment of subduction
and collision (Zhai and Santosh, 2011).
The other more popular model is that the Archean to Paleo-
proterozoic basement of the NCC consists of four microcontinental
blocks, namely the Yinshan, Ordos, Longgang and Nangrim blocks,eking University. Production and hosting by Elsevier B.V. All rights reserved.
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2005). These Paleoproterozoic oceans were sequentially closed
throughw1.95 Ga collision between the Yinshan and Ordos blocks
forming the Khondalite Belt and Western Block,w1.90 Ga collision
between the Longgang and Nangrim blocks forming the Jiao-Liao-
Ji Belt and Eastern Block, and ﬁnally, w1.85 Ga collision between
the Western and Eastern blocks, forming the Trans-North China
Orogen (TNCO) and the ﬁnal amalgamation of the NCC (Zhao et al.,
2012).
There are also disputes on the age, position and detailed tectonic
processes for the subduction and collision in the TNCO region be-
tween the Western and Eastern blocks. For example, Zhang et al.
(2012) proposed that an oceanic subduction in the TNCO region
eastwards under the Eastern Block had been operated from the late
Archean (w2.52 Ga) until the ﬁnal collision between the Eastern
and Western blocks at w1.88 Ga. This subduction resulted in the
formation of a late Archean Andean-type continental magmatic arc
along the western margin of the Eastern Block, represented, for
example, by the Fuping, Wutai and Hengshan complexes, followed
by the development of multiphase Paleoproterozoic (2.34e2.08 Ga)
granitoids as well as pervasive deposition, as exempliﬁed by the
Hutuo Group. Wang et al. (2010) attested that in the TNCO region
there exist multiphase arceback-arc basin systems above the
westward-directed subduction zones dating from the late Archean
to Paleoproterozoic. A late Archean arceback-arc basin system
represented by the HengshaneWutaieFuping arc terranes were
accreted to the Western Block at w25 Ga, and a Paleoproterozoic
new arceback-arc basin system developed between w2.3 and
2.1 Ga where the arc is represented the Yanmenguan
maﬁceultramaﬁc intrusions and the coeval granitic rocks, and the
back-arc basin is represented by the Lüliang Complex. The oceanic
subduction had ceased atw2.1 Ga, which was followed by a period
of extensional regime prior to the continentecontinent collision
between the Eastern and Western blocks at w1.88 Ga. Faure et al.
(2007) and Trap et al. (2007, 2012) proposed that a proto-NCC
was amalgamated at w2.5 Ga, and the breakup of this proto-NCC
by rifting during 2.30e2.15 Ga resulted in individualization of
three blocks, namely the Eastern, Fuping and Western blocks, and
two ocean basins, namely the Taihang and Lüliang ocean basins.
The Taihang oceanic basin ﬁrst subducted westward under the
Fuping Block atw2.15 Ga, followed by the westward subduction of
the Lüliang ocean below theWestern Block. Two collisions between
the Western and Fuping blocks, and between the Fuping and
Eastern blocks occurred after the closure of the Lüliang and Taihang
oceans at 1.86e1.90 Ga, followed by deposition of the Hutuo Group
during 1.80e1.86 Ga.
An arguable point in the above models is whether the tectonic
setting in TNCO during mid-Paleoproterozoic (2.30e2.15 or 2.0 Ga)
is dominated by an extension-related rifting regime (rifting) or an
oceanic subductionearc regime.
In the above models, there seems to be a consensus on the
ﬁnal amalgamation of the NCC through the collision between the
Eastern and Western blocks, at w1.88 (or 1.85) Ga, which is
consistent with a large amount of metamorphic age data ob-
tained from high-grade rocks in the TNCO. However, Qian et al.
(2013) obtained conﬁrmative metamorphic ages of w1.95 Ga
for garnet mica schist in the Wutai Group, which is interpreted to
represent a collision-related crustal thickening event. This needs
addressing when the main orogenic stage of crustal thickening
occurs.
In this paper, we present an overview of the recent progress in
the study of the Paleoproterozoic magmatism and metamorphism
in the HengshaneFupingeWutai region and propose an alternative
tectonic model, which will provide new insights into the crustal
evolution of the NCC.2. Litho-structural units
There are four litho-structural units in the Heng-
shaneWutaieFuping area: the Hengshan,Wutai, Fuping complexes
and Hutuo Group (Fig. 1).2.1. Hengshan Complex
The Hengshan Complex is separated into the northern and
southern Hengshan units by the Zhujiafang shear zone (Fig. 1). The
northern Hengshan unit is dominated by TTG gneisses of intensive
migmatization, with numerous high-pressure maﬁc granulite
blocks and granitic intrusions. High-pressuremaﬁc granulites occur
as boudins or lenses in TTG gneisses, with granulite facies assem-
blages only preserved in the cores and amphibolite facies over-
printing at the margins (Fig. 2a). Some maﬁc granulites are
observed to have melt patches resulted from partial melting of host
rocks. Kröner et al. (2006) proposed that these maﬁc granulites
originated from intrusive dykes with an emplacement age of
w1915 Ma and metamorphic ages of 1.85e1.88 Ga. However, Trap
et al. (2007) argued that some maﬁc granulites may represent the
basic members of the Archean TTG gneisses. The TTG gneisses are
dated to have emplacement ages of 2.48e2.52 Ga using SHRIMP
zircon UePb method, representing arc magmatism in the Neo-
archean (Kröner et al., 2005a, 2006). They have mineral assem-
blages of amphibolite facies and develop intense partial melting,
producing numerous granitic leucosomes, veins and small in-
trusions. Some granitic rocks share similar ages of 1.85e1.88 Ga
(Kröner et al., 2006) with the granulites, while others show older
ages of 2.05e2.35 Ga (Kröner et al., 2005b, 2006). It is interesting
that some granitic veins with the older ages are weakly deformed
compared with the host TTG gneisses and granulites and appar-
ently crosscut the foliation of the latter (Fig. 2b).
The southern Hengshan unit consists of TTG gneisses and
supracrustal sequences. TTG gneisses are composed of amphibolite
facies assemblages with a few granitic leucosomes or veins which
originated from magma injection or partial melting. The supra-
crustal sequences include garnet amphibolite, plagiogneiss, mica
schist and garnet ortho-amphibolite, which are metamorphosed
under amphibolite facies with an age of 1.90e1.91 Ga from zircon
UePb data (Kröner et al., 2005b; Pang et al., 2010). In the southern
Hengshan terrane there exist a number of maﬁc and granitic dykes
and intrusions with emplacement ages of 2.1e2.2 Ga (Wang et al.,
2010; Peng et al., 2012). Some maﬁc dykes are observed to cut
the principal foliation of the host TTG gneiss (Fig. 2c), suggesting
that a penetrative deformation may have occurred before the dyke
intrusion.
The Zhujiafang ductile shear zone, extending EeW, is w2 km
wide and separates the northern Hengshan granulite facies unit
and the southern Hengshan amphibolite facies unit. It is lithologi-
cally comprised of garnet-bearing felsic gneisses, amphibolite, mica
schist and layers of banded iron formation, which are strongly
deformed and develop mylonitic foliation and mineral stretching
lineation. The amphibolite facies mylonites clearly overprint the
mineral assemblages and fabrics of the early stage, with a defor-
mation age of 1.85e1.88 Ga (Trap et al., 2007). The stretching
lineation mostly plunges to the east at moderate to low angles of
10e30. Zhang et al. (2007) proposed that a number of movement
indicators, including intrafolial asymmetric folds and asymmetric
porphyroblasts, provide an unambiguous sense of movement that
indicates an EeW orientated dextral sense of shearing, but Trap
et al. (2007) argued that asymmetric pressure shadows in the
shear zone indicate a sinistral sense of shear. Our ﬁeld observations
suggest that the shear zone is dominated by sinistral sense of shear
Figure 1. Geological sketch map of the HengshaneWutaieFuping region (modiﬁed after Liu et al., 2002; Kröner et al., 2006; Li et al., 2008). The insert shows the location of the
central segment in the North China Craton (after Zhao et al., 2007). Abbreviations for metamorphic terranes: CD, Chengde; DF, Dengfeng; FP, Fuping; HA, Huai’an; HS, Hengshan; LL,
Lüliang; NH, Northern Hebei; TH, Taihua; WT, Wutai; HT, Hutuo; XH, Xuanhua; ZH, Zanhuang; ZT, Zhongtiao.
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terrane.
2.2. Fuping Complex
The Fuping Complex is comprised of the TTG gneisses (Fuping),
granitic gneisses (Nanying), supracrustal sequence (Wanzi) and
shear zone related augen gneisses (Longquanguan). The Fuping TTG
gneisses make up more than 60% of the total exposure of the
complex, enclosing minor maﬁc enclaves metamorphosed in the
upper amphibolite and granulite facies. SHRIMP UePb zircon data
indicate that the Fuping TTG gneisses were emplaced simulta-
neously with the Hengshan TTG gneisses at 2.48e2.52 Ga (Guan
et al., 2002; Zhao et al., 2002; Kröner et al., 2005a, b; 2006).
The Nanying gneisses consist of medium- to ﬁne-grained
monzogranitic and granodioritic gneisses distributed between theFuping TTG gneisses and Wanzi supracrustal sequence (Zhao et al.,
2000, 2002; Liu et al., 2002). They are mostly foliated and show
tectonic relations with the Fuping gneisses and Wanzi sequence.
SHRIMP zircon UePb age data show that the protolith of the
Nanying gneisses was emplaced at 2077e2024 Ma (Guan et al.,
2002; Zhao et al., 2002).
The Wanzi supracrustal sequence consists of amphibolite,
marble, calcsilicates and paragneiss, representing a sedimentary
sequence with volcanic interlayers (Liu and Liang, 1997). Detrital
zircons from the paragneisses suggest their depositional ages to be
younger than 2.1 Ga (Guan et al., 2002; Zhao et al., 2002; Xia et al.,
2006), coeval with deposition of the lower andmiddle sequences in
the Hutuo Group (Du et al., 2011).
The Longquanguan augen gneisses are composed predomi-
nantly of mylonitized granodioritic and monzogranitic gneisses
(Fig. 1) which have an emplacement age ofw2.54 Ga (Wilde et al.,
Figure 2. Photographs showing ﬁeld relations for rocks in the HengshaneWutaieFuping region. (a) Occurrences of maﬁc granulite blocks and granitic veins in the migmatized TTG
gneisses from Big Stone Valley, northern Hengshan. (b) A granitic vein which was dated to be 2.36 Ga (Kröner et al., 2005a) cuts the main foliation of the host TTG gneisses from Big
Stone Valley, northern Hengshan. (c) A maﬁc dyke with ‘red-eye socket’ texture crosscuts the foliation of TTG gneisses outside the gate of the Yanmenguan tourist site, southern
Hengshan. (d) A conglomerate in the Doucun Subgroup in which the pebbles show foliations (the trends pointed by the red arrows) prior to the deposition because the matrix is not
foliated, Mingyuechi, Taihuai Town.
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equivalent of the Wutai granites but were structurally reworked
during the development of the Longquanguan ductile shear zones
with a deformation age of 1.85e1.88 Ga (Zhang et al., 2006).
2.3. Wutai Complex
The Wutai Complex is composed of a supracrustal sequence
named Wutai Group and a large amount of foliated TTG rocks,
regarded as a graniteegreenstone belt. The TTG rocks are distrib-
uted as elongated intrusions oriented with their long axes parallel
to the regional structural lines. The representative intrusions such
as those distributed at Ekou, ChechangeBeitai, Guangmingsi, Shifo
and Lanzhishan were dated to be 2.56e2.51 Ga using SHRIMP
zircon UePb method (Wilde et al., 1997, 2004a, b, 2005). TheWutai
Group is conventionally subdivided into the lower (Shizui), middle
(Taihuai) and upper (Gaofan) subgroups (Bai, 1986). The lower
Shizui Subgroup mainly consists of maﬁc to intermediate volcanics,
exogenous sedimentary rocks, banded iron formation, minor
limestones and blocks of ultramaﬁc rocks, which were meta-
morphosed to amphibolite facies. Geochemical and detrital zircon
characteristics of the meta-sedimentary rocks imply that the orig-
inal sediments have complex provenances with a major age pop-
ulation of 2.53e2.50 Ga and were probably deposited in fore-arc or
intra-arc basin (Wang et al., 2000; Li et al., 2008). The middleTaihuai Subgroup mainly comprises tholeiitic basalts and inter-
mediate to felsic volcanics with minor amounts of sedimentary
rocks and of ultramaﬁc blocks, which were metamorphosed to
greenschist facies. The upper Gaofan Subgroup unconformably
overlies the middle or lower subgroups and mainly consists of
clastic sedimentary rocks with minor maﬁc to felsic volcanics,
which were metamorphosed to sub-greenschist facies. SHRIMP
zircon age dating for meta-volcanics from the three subgroups
yields ages ranging from 2530 to 2515 Ma, and there are no regular
differences in age among the three subgroups which were
considered to have a stratigraphic sequence (Wang et al., 2000;
Wilde et al., 2004a, b; Pang et al., 2010). However, Wan et al.
(2010) obtained a detrital zircon age of w2.47 Ga in metasedi-
ments from the Gaofan Subgroup, indicating a Paleoproterozoic
deposition. Geochemical investigations of maﬁc to felsic volcanics
in the Wutai Group reveal that these rocks have afﬁnities to
MORBearceback-arc association (Wang et al., 2004).
2.4. Hutuo Group
The Hutuo Group unconformably overlies the Wutai and Fuping
complexes and is subdivided into the Doucun, Dongye and Guo-
jiazhai subgroups. The Doucun and Dongye subgroups consist of
conglomerates, coarse-grained sandstones, ﬁne-grained clas-
ticepelitic rocks, and dolomitic rocks intercalated with thin layers
Figure 3. Histogram of ages for maﬁc dykes and intrusions (a) (from Peng et al., 2005,
2012; Du et al., 2010; Wang et al., 2010), granitic veins and intrusions (b) (from Guan
et al., 2002; Wilde, 2002; Zhao et al., 2002; Wilde et al., 2004b, 2005; Kröner et al.,
2005b; Chen et al., 2006; Zhang et al., 2009; Zhao et al., 2011; Du et al., 2013) and
metamorphism (c) (Guan et al., 2002; Zhao et al., 2002; Liu et al., 2004b, 2006; Kröner
et al., 2005b, 2006; Qian et al., 2013; Zhang et al., 2013).
Figure 4. TAS diagram for the representative mid-Paleoproterozoic maﬁc and acidic
igneous rocks from the HengshaneWutaieFuping region (after Le Maitre et al., 1989).
The data are from Peng et al. (2005, 2012) for the Hengling and Yixingzhai maﬁc dykes,
from Wang et al. (2010) for the Yanmengguan maﬁc intrusion, from Wu et al. (2008),
Du et al. (2009) and Wang et al. (2010) for the metabasalt in Hutuo Group, from Liu
et al. (2005) for the Nanying granitic gneiss, from Wang et al. (2005) for the Wang-
jiahui granite, and from Du et al. (2013) for the Huangjinshan granite porphyry.
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transgressive basin (Miao et al., 1999; Du et al., 2011; Liu et al.,
2011), rather than a molasse-type basin as considered by Tian
(1991) that should be dominated by a regressive sequence. Zircon
age dating from the felsic tuffs, basaltic-andesitic lavas and sand-
stones suggests that the deposition age could be 2.15e2.10 Ga for
the Doucun Subgroup (Wilde et al., 2004b; Du et al., 2011; Liu et al.,
2011). There is no precise deposition age for the Dongye Subgroup,
where its lower limit was reported to be 2.07 Ga (Du et al., 2011) or
2.03 Ga (Liu et al., 2011). Most rocks in the Doucun and Dongye
subgroups are weakly to unmetamorphosed but apparent greens-
chist facies metamorphism did occur in high-strain domains with
clear foliation (S1) that replaces the original bedding (S0). The
conglomerates at the base of the Doucun Subgroup are deformed,
where some pebbles are fractured and others are ductilely elon-
gated (Trap et al., 2007). It is noted that some pebbles show fabrics
that indicate deformation and metamorphism prior to the depo-
sition of the conglomerate (Fig. 2d).
The Guojiazhai Subgroup unconformably overlies the Dongye
Subgroup and is composed of a ﬂuvial sequence of regression,
involving silty-sandy phyllites, arkoses and conglomerates (Bai,
1986). The deposition age of this subgroup is considered to be
1.95e1.80 Ga on the basis of dating for detrital zircon (Du et al.,
2011).
3. Mid-Paleoproterozoic magmatism
There exist plenty of 2.35e2.00 Ga maﬁc and acidic igneous
rocks in the HengshaneWutaieFuping region. The maﬁc rocks
occur mostly as dykes, such as those exposed at Yixingzhai
(2.06e2.03 Ga, Peng et al., 2012), Hengling (w2147 Ma, Peng et al.,
2005) and in the Fuping Complex (2310 Ma, Liu et al., 2002), as
maﬁceultramaﬁc intrusions such as at Yanmengguan (w2193 Ma,
Wang et al., 2010), or as basaltic layers in the lower Hutuo Group
(w2140 Ma, Du et al., 2010). The acidic rocks occur as intrusions
such as the Dawaliang, Wangjiahui pink phase and Xipan granites
(2.20e2.10 Ga, Wilde et al., 2005; Chen et al., 2006), the Huang-
jinshan granite porphyry (w2137 Ma, Du et al., 2013), the Nanying
granitic gneisses (2.08e2.02 Ga, Guan et al., 2002; Zhao et al.,
2002), as rhyolitic layers (2.18e2.09 Ga, Wilde et al., 2004b) in
the lower Hutuo Group, as veins of different scale (2.36e2.11 Ga,
Kröner et al., 2005a, b) or as a suite of potassic granites
(2.08e2.05 Ga, Zhao et al., 2011) in Hengshan Complex. Available
age data suggest that these maﬁc and acidic rocks are well con-
current (Fig. 3).
In TAS diagram (Fig. 4), the maﬁc rocks show compositions
of basalt, basaltic andesite, and trachy-basalt or -andesite of
sub-alkaline to alkaline series with SiO2 ¼ 48e56 wt.% and
(Na2O þ K2O) ¼ 1e7 wt.%, while the acidic rocks show rhyolite
compositions mostly with SiO2 > 70 wt.% and (Na2O þ K2O) >
8 wt.%. The mid-Paleoproterozoic magmatism is of typical bimodal
character.
The maﬁc intrusive rocks show negative anomalies in Nb, Ta, Zr
and Ti, and positive anomalies in Rb, Ba and K in Fig 5a, and are
plotted in the ﬁelds of MORB and IAT (Fig. 5b and c). The volcanic
layers in the Hutuo Group have strongly negative Sr and K anom-
alies, weakly negative Nb, Ta, Ti anomalies but without Zr and Hf
anomalies in Fig. 5a, and plot over a wide ﬁeld from IAT to OIB in
Fig. 5b, or in the ﬁelds of within-plate tholeiite in Fig. 5c.
The acidic rocks show negative anomalies in Ba, Nb, Ta, Sr and Ti,
but positive anomalies in Rb, Th, Nd, Zr and Hf (Fig. 6a). Rocks in the
Wangjiahui pink phase range from highly-fractioned calc-alkaline
to alkaline granites in composition (Fig. 6b), with a few samples
showing an afﬁnity to A-type granite in Fig. 6c, and are plotted in
the ﬁelds straddling volcanic arc and within-plate in Fig. 6d. TheHuangjinshan granite porphyry shows the compositions of alkaline
granite and A-type of a within-plate setting (Fig. 6bed). The
Nanying granitic gneisses have diverse compositions ranging from
calc-alkaline to alkaline granites, or from unfractionated to A-type,
Figure 5. Diagrams showing chemical characteristics of the representative mid-Paleoproterozoic maﬁc rocks from the HengshaneWutaieFuping region. (a) Primitive mantle-
normalized trace element patterns after Sun and McDonough (1989), (b) FeOT/MgOeTiO2 diagram after Glassley (1974) and (c) Nb*2e Zr/4eY diagram after Meschede (1986).
IAT, island arc tholeiite; MORB, mid ocean range basalt; OIB, oceanic island basalt; AIeAII, within-plate alkaline basalt; AIIeC, within-plate tholeiite; B, E-type mid ocean range
basalt; D, N-type mid ocean range basalt; CeD, volcanic arc basalt. The data sources are the same as in Fig. 4.
C. Wei et al. / Geoscience Frontiers 5 (2014) 485e497490and mostly show an afﬁnity of volcanic arc to within-plate granite
(Fig. 6bed).
4. Paleoproterozoic metamorphism
4.1. Metamorphism of the Hengshan Complex
Metamorphism of the northern Hengshan Complex can be
represented by the maﬁc granulites. These rocks are composed of
garnet, clinopyroxene, plagioclase, orthopyroxene, amphibole,
biotite, quartz, rutile, and ilmenite. Garnet occurs as porphyroblasts
surrounded by plagioclase coronas in a texture referred to as
‘white-eye socket’. Clinopyroxene together with plagioclase and
orthopyroxene constitutes ﬁne-grained symplectite, suggesting
presence of early jadeite-rich clinopyroxene. Amphibole represents
retrogression of granulite assemblages. This can be supported by
ﬁeld observation that most maﬁc granulite blocks are overprinted
by amphibolite rims, and commonly the smaller blocks are
completely replaced by amphibolite. Zhang (2013) identiﬁed four
metamorphic stages in maﬁc granulite and deﬁned their PeT
conditions using the pseudosection approach (Fig. 7): the pre-peak
prograde stage was recognized from garnet core to mantle com-
positions, with increasing PeT conditions from 11 kb/630 C to
13 kb/710 C; the peak pressure stage has not been well preserved
but its mineral assemblages can be inferred to be garnet þ jadeite-
rich clinopyroxene þ quartz þ rutile  plagioclase with PeTconditions of >14e15 kb and 780e850 C from petrographic ob-
servations and phase modeling; the post-peak decompression
stage is characterized by development of symplectite and coronae
of plagioclase around garnet, or locally, development of two-
pyroxene granulite assemblages with PeT conditions of 6e7.5 kb
and 820e860 C, indicating an isothermal decompression with
slight heating (ITD); the post-temperature-peak cooling stage is
represented by occurrence of amphibolite facies assemblages,
suggesting an isobaric cooling process (IBC).
Metamorphism of the southern Hengshan Complex is focused
on the garnet amphibolite andmaﬁc dykes. The garnet amphibolite
is composed of garnet, plagioclase, quartz, rutile and ilmenite
where garnet occurs as coarse-grained porphyroblast surrounded
by plagioclase corona, forming the ‘white-eye socket’ texture like
that in the northern Hengshan granulite. Using conventional
thermobarometers involving garnet, amphibole, plagioclase and
quartz, Guo et al. (1999) constructed a clockwise PeT path domi-
nated by heating and decompression with a peak condition of
710 C/10 kb (Fig. 7).
The maﬁc dykes are weakly deformed and develop typical dia-
basic texture with lath-shaped plagioclase and anhedral pyroxene
and chilled margins. An evident feature in the maﬁc rock is the
presence of garnet chains or coronas around magmatic plagioclase,
which was termed ‘red-eye socket’, suggesting a metamorphic
overprint in the rock. O’Brien et al. (2005) proposed that this
metamorphic overprint may reach medium-pressure granulite
Figure 6. Diagrams showing chemical characteristics of the representative mid-Paleoproterozoic acidic rocks from the HengshaneWutaieFuping region. (a) Primitive mantle-
normalized trace element patterns after Sun and McDonough (1989), (b) (Al2O3þCaO)/(FeOT þ Na2O þ K2O) e 100*(MgO þ FeOT þ TiO2)/SiO2 diagram after Sylvester (1989),
(c) (Na2O þ K2O)/CaO e (Zr þ Nb þ Ce þ Y) diagram after Whalen et al. (1987), and (d) Rbe(Y þ Nb) diagram after Pearce et al. (1984). The data sources are the same as in Fig. 4.
Figure 7. The summarized PeT and paths medium- and high-grade metamorphic
rocks from the HengshaneWutaieFuping region. The PeT paths are shown for the
Fuping granulites from Zhao et al. (2000), for the Wanzi supracrustal rocks from Liu
and Liang (1997), for the northern Hengshan (N. Hengshan) granulites from Zhang
(2003), for the southern Hengshan garnet amphibolite from Guo et al. (1999), for
the Wutai garnet amphibolite (Wutai AM) from Zhao et al. (1999) and for the Wutai
garnet mica schist from Qian et al. (2013). The ages of w1.95 and 1.93e1.85 Ga are
respectively from Qian et al. (2013) and Zhang et al. (2013). The boundary lines for
metamorphic facies are cited from Brown (2001), and the granite solidus cited from
Schliestedt and Johannes (1984). The transition lines of Al2SiO5 were calculated using
THERMOCALC.
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(1999) argued that the maﬁc dykes were metamorphosed under
high-P amphibolite facies with a peak PeT condition of 670 C/
9.8 kb.
The reason for the maﬁc dykes with ‘red-eye socket’ and the
garnet amphibolite with the ‘white-eye socket’ occurring in the
same region has been debated (Zhai, 2009). A probable explanation
is that they may share similar metamorphic evolution histories but
under different ﬂuid conditions. The garnet amphibolite may
represent an equilibrium assemblage at the pressure peak stage
under a ﬂuid-saturated condition and the ‘white-eye socket’
texture represents an overprint during post-peak decompression,
while the ‘red-eye socket’ texture in the maﬁc dykes may represent
a prograde metamorphic stage with PeT conditions close to the
peak stage, but under ﬂuid-absent conditions. Generally, meta-
morphism under ﬂuid-absent conditions cannot drive meta-
morphic mineral assemblages to reach an equilibrium state. For
example, igneous textures can be well preserved in gabbros even
under ultra-high pressure conditions, where garnet and omphacite
of eclogite facies assemblage only grow along the boundaries of
igneous plagioclase and pyroxene (Zhang and Liou, 1997). As these
maﬁc dykes with ‘red-eye socket’ textures were metamorphosed
under ﬂuid-absent conditions, their PeT conditions cannot be well
constrained by conventional thermobarometric approach.
4.2. Metamorphism of the Fuping Complex
Liu and Liang (1997) and Zhao et al. (2000) presented detailed
studies of metamorphism for the maﬁc granulites and Wanzi
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develop the clinopyroxene þ plagioclase  orthopyroxene coronae
around embayed garnet porphyroblasts and symplectites of
plagioclase þ clinopyroxene þ orthopyroxene like the Hengshan
granulite. Threemetamorphic stages were recognized by Zhao et al.
(2000): the M1 stage is represented by garnet porphyroblasts and
matrix plagioclase, quartz, orthopyroxene, clinopyroxene and
hornblende, with a PeT condition of 900e950 C/8e8.5 kb esti-
mated using the TWQ thermobarometry; M2 stage is represented
by the symplectite and corona assemblages with a PeT condition of
700e800 C/6e7 kb, and M3 stage is represented by
hornblende þ plagioclase symplectites with a PeT condition of
550e650 C/5.3e6.3 kb. These PeT estimates deﬁne a clockwise
PeT path dominated by isobaric cooling (Fig. 7). However, from the
textural relations of garnet porphyroblasts mantled by coronae of
plagioclase þ orthopyroxene, it can be inferred that there would be
an early metamorphic stage characterized by decompression prior
to M1, but its PeT conditions cannot be easily recovered due to the
high-T overprinting at M1 (Fig. 7). These suggest that the Fuping
maﬁc granulite may have undergone a metamorphic evolution
similar to that in the Hengshan granulite, which involves an
isothermal decompression followed by isobaric cooling, but the
decompression process proceeded at higher temperature condi-
tions than in the latter.
Liu and Liang (1997) also identiﬁed three stages of mineral
assemblage in the Wanzi supracrustal sequence and estimated
their PeT conditions using garnetebiotite thermometer combined
with experiment- and calculation-constrained metamorphic re-
actions: stage I involves garnet, staurolite, plagioclase, muscovite,
biotite, quartz and rutile, with a PeT condition of 680 C/8 kb; stage
II consists of garnet, gedrite, sillimanite, biotite, corundum, K-
feldspar and ilmenitewith a PeTcondition of 730e750 C/7 kb; and
stage III consists of hercynite, sillimanite and K-feldspar, with
higher temperature and lower pressure than that in stage II. These
results deﬁne a clockwise PeT path with decompression and
heating at post-peak pressure stages (Fig. 7).
It is noted that there is a large temperature gap between the
Fuping granulite and the Wanzi rocks, which is inconsistent with
the close spatial distribution between the two units (Fig. 1). This
implies that a considerable tectonic displacement may have
occurred after the peak stage metamorphism.
4.3. Metamorphism of the Wutai Group
The previous studies of metamorphism for the Wutai Group are
concentrated on the garnet amphibolite and mica schist in the
lower Shizui Subgroup. Zhao et al. (1999) recognized four meta-
morphic stages and estimated their PeT conditions for the garnet
amphibolite using the TWQ thermobarometry: the M1 stage is
suggested from the inclusion assemblages in garnet porphyro-
blasts; the peak stage (M2) is represented by garnet porphyroblasts
in a matrix of quartz, plagioclase, amphibole, biotite, rutile and
ilmenite, with a PeT condition of 10e12 kb/600e650 C; the M3
stage is characterized by amphibole þ plagioclase  ilmenite
symplectic coronae around embayed garnet porphyroblasts with a
PeT condition of 6e7 kb/600e650 C; and the M4 stage is repre-
sented by an overprint of greenschist facies assemblages. The PeT
path obtained is clockwise and is characteristic of isothermal
decompression (Fig. 7).
Qian et al. (2013) identiﬁed four stages of metamorphism for
garnet mica schist at Guifengsi and estimated their PeT conditions
using the pseudosection approach (Fig. 7): the ﬁrst-stage is
revealed from garnet core zoning, and is characterized by a ﬂat PeT
vector dominated by heating under low pressure, consistent with
the low-pressure facies series of Miyashiro (1994); the second-stage is inferred from garnet mantle zoning and inclusion assem-
blages in garnet. It is characteristic of rapidly increasing pressure
and temperature to the maximum pressure stage with a PeT con-
dition of >9.0 kb and 615e645 C, consistent with the medium-
pressure facies series (kyanite type) of Miyashiro (1994); the
third stage is characterized by slight heatingwith decompression to
the maximum temperature with a PeT condition of 7.5 kb/660 C;
the fourth stage is inferred to be accompanied with considerable
cooling.4.4. Metamorphic ages
There have been a large amount of metamorphic ages in the
range of 1.80e1.90 Ga or around 1.85 Ga obtained from the Heng-
shaneWutaieFuping region, especially from the northern Heng-
shan and Fuping high-grade rocks (Guan et al., 2002; Zhao et al.,
2002; Kröner et al., 2005a, b; 2006). These ages have been inter-
preted to represent the ﬁnal collision between the Eastern and
Western blocks (Zhao et al., 2005, 2012). However, there are also a
number of metamorphic ages that are greater than 1.90 Ga. For
example, Zhang et al. (2013) gained a metamorphic zircon UePb
age of 1.92 Ga for tonalitic gneiss and an age span of 1.85e1.93 Ga
for trondhjemitic gneiss from the northern Hengshan granulite
terrane. The southern Hengshan supracrustal rocks including
garnet amphibolite, plagiogneiss, and garnet ortho-amphibolite
yield metamorphic zircon ages of 1.90e1.91 Ga (Kröner et al.,
2005; Pang et al., 2010). Liu et al. (2004a, b, 2006) obtained a
SmeNd whole rock and mineral isochron age of w1.91 Ga for
garnet amphibolite, and two groups of monazite TheUePb ages of
1.92e1.93 Ga and 1.82e1.85 Ga for metapelites in the Wutai Group.
Monazite from metapelites in the Lüliang Group also yielded ages
of 1.92e1.94 Ga from grain cores and 1.85e1.88 Ga or younger from
grain rims (Liu et al., 2006; Trap et al., 2009). Qian et al. (2013)
obtained new zircon UePb ages of 1933e1965 Ma (w1.95 Ga) for
garnet mica schist in the lower Wutai Subgroup at Guifengsi, and
interpreted these ages to represent the pre-peak or peak stages of
the kyanite-typemetamorphism in theWutai Group. A summary of
the available metamorphic ages in the HengshaneWutaieFuping
region shows a continuous distribution from 1.95 to 1.80 Ga
(Fig. 3c).5. Discussion and conclusions
5.1. Tectonic setting of the HengshaneWutaieFuping region during
the mid-Paleoproterozoic (2.0e2.35 Ga)
As mentioned above, a point of dispute in the previous studies is
about the tectonic setting of the TNCO region during the mid-
Paleoproterozoic between 2.0 and 2.35 Ga. There are two oppo-
site views on this issue: oceanic subductionearc regime and
extension-dominant rifting regime. Summarizing the characteris-
tics of the mid-Paleoproterozoic magmatism and sedimentation in
the HengshaneWutaieFuping region, a back-arc extension setting
is proposed:
(1) The 2.35e2.0 Ga igneous rocks show typical bimodal distri-
butions, and are dominated by intrusive rocks with small
amount of volcanics. Moreover, these bimodal igneous rocks
occupy a small proportion of the exposure in the Heng-
shaneWutaieFuping region. This is distinct from an arc setting
which is dominated by calc-alkaline volcanics.
(2) The acidic rocks in the bimodal association are dominated by
highly-fractioned calc-alkaline to alkaline granites, some of
which belong to A-type, consistent with the characteristics of
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regions.
(3) The maﬁc rocks in the bimodal association mostly have arc
afﬁnities with negative anomalies in HFSEs, but have diverse
compositions ranging from OIB-, MORB, to IAT-type, which are
inconsistent with a typical within-plate rifting (Du et al., 2013),
probably representing an extensional setting in back-arc
region.
(4) The ingression sedimentary sequence with volcanic interlayers
in the lower and middle Hutuo Group is coeval with the
bimodal magmatism and may represent an extensional basin
(Du et al., 2010, 2011).
Thus, the 2.35e2.0 Ga igneous rocks in the Heng-
shaneWutaieFuping region can be better interpreted to represent
a back-arc extension setting, with the lower and middle Hutuo
Group representing one of the rifting basins. There has been no
robust evidence to support that typical oceanic basins were formed
related to this rifting as proposed by Trap et al. (2009). Moreover, as
the extension regimewas terminated at 2.0 Ga andwas followed by
a collision-related compression, a back-arc extension setting is
better thanwithin-plate rifting to explain such a quick transition of
tectonic regime.
5.2. Age of the ﬁnal orogenic collision with crustal thickening
There is a general consensus that the ﬁnal collision-related as-
sembly between the Eastern and Western blocks occurred around
1.85 Ga, which is supported by the metamorphic age data obtained
from the TNCO (Zhao et al., 2012). A disputable point is whether
there were collisional events before this ﬁnal collision. Wang et al.
(2010) argued that a termination of oceanic subduction and a
related collision occurred at w2.1 Ga in the
LüliangeHengshaneWutaieFuping area according to the observa-
tion that no arc magmatism younger than w2.1 Ga has ever been
discovered in this area. However, there are no metamorphic ages
supporting the existence of this w2.1 Ga collision as proposed by
Zhao et al. (2012).
In general, a collisional event with crustal thickening is char-
acterized by development of kyanite-type metamorphism
(Thompson and England, 1984; Miyashiro, 1994). Thus, meta-
morphic ages, if they record the prograde or peak pressure stages,
are coeval with the crustal thickening event. Recently, Qian et al.
(2013) obtained new zircon UePb ages of 1933e1965 Ma
(w1.95 Ga) for garnet mica schist in the lower Wutai Subgroup at
Guifengsi, and interpreted these ages to represent the pre-peak or
peak stages of the kyanite-typemetamorphism in theWutai Group.
This interpretation is consistent with the observations that (i) some
zircon grains contain the inclusion assemblages involving garnet
and biotite that are the same as the main minerals in the rocks; (ii)
zircon REE characteristics resemble those of metamorphic zircons
co-crystallizing with garnet (Rubatto, 2002); and (iii) meta-
morphism during these prograde stages is modeled using pseu-
dosections to be dominated by dehydration reactions, releasing
ﬂuids which can facilitate zircon growth or recrystallization. Thus,
it is predicable that a crustal thickening event along with the
kyanite-type metamorphism could occur atw1.95 Ga or a period of
time earlier in the HengshaneWutaieFuping region. This thick-
ening event is consistent with the termination of extension-related
magmatism with ages ranging from 2.35 to 2.0 Ga (Fig. 3) and also
consistent with the basin evolution as represented by the Hutuo
Group where the Guojiazhai Subgroup with deposition age of
<1.95 Ga unconformably overlies the Douchun and Dongye sub-
groups with deposition ages of 2.15e2.00 Ga (Du et al., 2011). Thesimilar unconformity relations are also reported in the Lüliang area
(Wan et al., 2000).
As the metamorphic ages ofw1.85 Ga obtained mostly from the
high-grade rocks were interpreted to represent the ﬁnal amal-
gamation event of the NCC, the metamorphic ages ofw1.95 Ga can
be apparently interpreted to represent an older collision. That is,
there were multi-phase collisional events during the late Paleo-
proterozoic in the NCC where the medium-grade mica schists such
as in theWutai Group recorded the older phase and the high-grade
granulites and gneisses such as in the Hengshan and Fuping
complexes recorded the younger phase. However, we cannot rule
out another possibility that there may be a long-lived orogenic
process which lasted a period over 100Ma. The older metamorphic
ages ofw1.95 Ga represent the main collision or crustal thickening
stage, and the younger ages of w1.85 Ga could be an indicator of
cooling of the high-grade terranes (e.g. Hengshan and Fuping
complexes). This assumption can be supported by following lines of
evidence:
(1) The high-grade granulites and gneisses in the Hengshan and
Fuping complexes and the medium-grade garnet amphibolite
and mica schists in the Wutai Group share the similar clock-
wise PeT paths and metamorphic PeT arrays (Fig. 7) with an
apparent thermal gradient of 15e16 C/km at the peak pressure
stages. They may represent metamorphic products under
different crust levels in one collisional event with crustal
thickening, rather than separate collisional events. Particularly,
the high-grade rocks as represented by granulites have the
post-peak pressure PeT paths that are characteristic of a
decompression with slight heating to the peak temperature
condition (ITD), and a subsequent isobaric cooling process (IBC)
under 6e7 kb, suggesting their prolonged stay in the mid-
dleelower crust.
(2) Recent phase modeling of zircon growth or dissolution in ZrO2-
bearing system present alternative interpretation of zircon age
from granulite facies rocks (Kelsey and Powell, 2011). Granulite
facies metamorphism under suprasolidus conditions is
accompanied with partial melting and the melt abundance
progressively increases as temperature rises or pressure de-
creases. As silicate melt usually contains appreciable Zr, zircon
abundance varies inversely with melt abundance. This means
that zircon in high-grade rocks tends to be dissolved in melt in
prograde or heating stages and starts to grow as melt crystal-
lization starts in retrograde or cooling stages. Hence in melt-
bearing high-grade metamorphic rocks, newly-grown zircon
cannot date the peak pressure and temperature stages, but
rather the age of retrograde stages with melt crystallization or
the resulting ﬂuid activity. As a case study, Zhang et al. (2013)
calculated pseudosections in the ZrO2-bearing system for TTG
gneisses in the northern Hengshan terrane. Their modeling
results show that melt abundance keeps increasing coupled
with zircon dissolving during themetamorphic stages from the
prograde, to the peak pressure and the subsequent decompo-
sition with heating to the peak temperature stages along the
PeT path shown in Fig. 7, and zircon growth occurs with melt
crystallization only during the cooling stage which was dated
to be 1.93e1.85 Ga. Thus, it is not unimaginable that the
granitic veins which cut maﬁc granulites in the northern
Hengshan granulite domain share the same ages of
1.85e1.88 Ga (Kröner et al., 2006) as the granulite because all
these ages correspond to the age of melt crystallization.
(3) The obtained metamorphic age data from the Heng-
shaneWutaieFuping region show a continuous distribution
from 1.95 to 1.80 Ga (Fig. 3c), suggesting that the Hengshan,
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cooling history.
(4) Numerical modeling by Jamieson and Beaumont (2011) on the
basis of the Grenville Orogen and using model GO-ST87 sug-
gests that the hot orogenic core zone may undergo protracted
burial and heating and accompanying ductile ﬂow at amphib-
olite- and granulite-facies conditions, which will last over
100 Ma. In this case, the age of peak metamorphism may be
very difﬁcult to determine because the peak metamorphism is
unlikely to correspond to any particular thermal or tectonic
‘event’, but evidence for the onset of exhumation and associ-
ated cooling may be recorded by medium-temperature
chronometers.
(5) Similar protracted tectonic evolution history was also reported
in other areas. In the Lewisian area of Northwest Scotland, the
late Archean high-grade Lewisian Complex has an extremely
slow polymetamorphic process lasting w200 Ma and is char-
acterized by sluggish cooling in the lower crust (Cartwright and
Barnicoat, 1989; MacDonald et al., 2011). In the DaqingshanFigure 8. Tectonic scenario for the crustal evolution of the Henkhondalite series, metamorphic ages from 1.95 to 1.83 Ga are
reported in different rocks, suggesting that a long-term (>100
Ma) high-temperature exhumation may have occurred during
the late Paleoproterozoic (Wan et al., 2012).
However, this interpretation is apparently contradicted with
two zircon ages of w1915 Ma from the Hengshan high-pressure
granulites, which were interpreted by Kröner et al. (2006) to be
the emplacement age of maﬁc dykes. We prefer an alternative
interpretation that the ages of w1915 Ma represent a cooling re-
cord of granulite in terms of zircon in Kröner et al. (2006),
showing the following characteristics: (i) typical magmatic oscil-
latory zoning similar to that for zircon from granitoids, distinct
from the band zoning for zircon in maﬁc rocks; (ii) low Th/U ratios
with an average of 0.04, very similar to zircon crystallized from
anatectic melt (Rubatto, 2002); and (iii) a few zircon grains
yielding ages of w2.1 Ga, corresponding to the emplacement age
of maﬁc dykes in the southern Hengshan terrane (Peng et al.,
2012).gshaneWutaieFuping region. See the text for explanation.
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5.3.1. Possible deformation and metamorphism in late Archean or
prior to 2.35 Ga
Zhai and Santosh (2011) has proposed that the cratonization of
the NCC may have occurred at w2.5 Ga through amalgamation of
micro-blocks, and that there would be deformation and meta-
morphism related with this amalgamation process. The following
lines of evidence did support the possible existence of the late
Archean deformation and metamorphism in the Wutai and Heng-
shan areas: (i) some acidic veins in the north Hengshan terrane
have older ages such asw2.35 Ga (Kröner et al., 2005a) but are very
weakly deformed, out-of-harmony with the strongly deformed
surrounding TTG gneisses and granulites (Fig. 2b); (ii) the weakly
deformedmaﬁc dykes with ‘red-eye socket’ texture in the southern
Hengshan terrane sometimes cut the foliation of host TTG gneisses
(Fig. 2c); (iii) some pebbles in conglomerate of the lower Hutuo
Group show early fabrics that cannot be ascribed to deformation
and metamorphism after deposition of the conglomerate (Fig. 2d);
(iv) most of the 2.35e2.0 Ga basic and acidic intrusions are weakly
deformed with good preservation of their igneous textures, in
which, the incomplete metamorphic overprinting had not reached
an equilibrium state, for instance, forming the ‘red-eye socket’
texture in maﬁc rocks, while all the Archean rocks are penetratively
deformed and metamorphosed. As to why there has been no age
evidence for the Archean metamorphism, it is probably because (i)
the present dating work is not enough for solving this issue, and (ii)
the Archean metamorphismmay not have reached a high grade for
metamorphic zircon growth.
5.3.2. Mid-Paleoproterozoic( 2.35e2.0 Ga) back-arc extension
The mid-Paleoproterozoic back-arc extension resulted in the
development of bimodal magmatism involving themaﬁc and acidic
dykes and intrusions, and the deposition of the middle and lower
Hutuo Group in rifting basins which had a basement of the
deformed andmetamorphosed Archean rocks. It is noted that there
has been no robust evidence to support the viewpoint of Trap et al.
(2007, 2009) that there were new ocean basins formed related to
this extension event in the HengshaneWutaieFuping region and
also in the whole TNCO region. The Lüliang Complex can be
regarded as the most probable candidate of the arc. The develop-
ment of the arc magmatism and the back-arc extension may have
been related to an eastward oceanic subduction along the west
border of the Eastern Block or the proto-NCC (Fig. 8a).
5.3.3. Late Paleoproterozoic (2.0e1.95 Ga) crustal thickening and
metamorphism
A crustal thickening event in the extended region may have
started fromw2.0 Ga as a consequence of the collision between the
Lüliang arc and the Eastern Block. The beginning of the collision can
be inferred from the time of the termination of extension-related
magmatism (Fig. 3) and deposition of the middle and lower Hutuo
Group (Du et al., 2011). As a result of tectonic burial and heat con-
duction, a kyanite-type metamorphism, as represented by the
garnet mica schists and garnet amphibolite in theWutai Group and
the high-pressure granulite in the Hengshan Complex, occurred in
the thickened crust region atw1.95 Ga, with the metamorphic age
being tens of million years younger than the age recorded by sedi-
mentary basin evolution on the Earth’s surface. The metamorphic
grades increase with depth from greenschist facies in shallow crust
to amphibolite facies and high-pressure granulite facies in the
middle and lower crust (Fig. 8b and c). Thepressure estimates for the
northern Hengshan high-pressure granulites suggest that the
thickness of the thickened crust is around 50e60 km.5.3.4. Late Paleoproterozoic (1.93e1.80 Ga) uplifting and cooling
As predicted by the PeT paths shown in Fig. 7, the post-peak
pressure metamorphic and tectonic evolution involves two
stages: the ﬁrst-stage is a nearly isothermal decompression (ITD)
with slight heating probably in response to erosion at the Earth’s
surface and to other structural and thermal factors, which resulted
in the deeply buried rocks, for instance, the northern Hengshan
high-pressure granulites, uplifted from 50 to 60 km depth to a
middleelower crustal levels of 25e30 km. This ITD process could
occur in a short time after the thickening (Spear, 1993); the second
stage post-temperature peak is dominated by isobaric cooling
processes, suggesting a prolonged stay of the high-grade rocks in
the middleelower crustal levels. The obtained age data indicate
that this process may have lasted from 1.93 to 1.80 Ga (Figs. 3 and
7). It is not very clear what tectonic mechanisms were responsible
for the ﬁnal exhumation of the high-grade rocks from the mid-
dleelower crust. The exhumation of the northern Hengshan gran-
ulite terrane could be attributed to the sinistral strike-slip
movement of Zhujiafang shear zone. Moreover, there should have
been mantle-derived materials that involved in the metamorphic
and tectonic evolution of this stage (Fig. 8d).Acknowledgments
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